Abstract: Radial deficiencies (RDs
INTRODUCTION
Radial deficiencies (RDs) are defined as any degree of congenital hypo/aplasia of thumb, thenar muscles, first metacarpal bone, radial carpal bones (scaphoid and trapezium) and/or radius, occurring with a live birth incidence ranging from 1 out of 30,000 to 1 out 6,000 newborns [1] [2] [3] and representing about one third/one fourth of the total incidence of the congenital upper limb anomalies [4] [5] [6] . The RDs explain the vast majority of the malformations of the radial side of the arm, whereas the frequency of other defects, i.e. thumb duplication or triphalangism, represent only about one tenth of the total [6] . In spite of the high clinical variability, ranging from a minimal hypoplasia of the thenar muscles to a severe shortening of the forearm with a complete radial absence, RDs can be all included into the embryological class of formation defects, for which the primary event is a localized developmental failure due to genetic or non genetic factors [5] .
The ascertainment of the cause has become a main diagnostic step in the work up of the RDs, leading to the anticipation of many diagnosis in which the hand malformation is the first clue of a syndrome [7] and allowing the possibility of a prenatal diagnosis especially in familial cases when the genetic defect is already known [8] . For all those factors, it is clear that establishing an etiological diagnosis is highly *Address correspondence to this author at the Medical Genetics, Department of Medical and Surgical Sciences, University of Modena, Via del Pozzo 71, 41124 Modena, Italy; Tel: 0039-059-4224837; Fax: 0039-059-4224254; E-mail: percesepe.antonio@unimo.it beneficial to the parents not only for the assignment of the disease prognosis, which includes also the associated malformations, the resulting disability and the lifelong risks, but also for the obvious reflection on the attributable recurrence risks. Genetic testing gives now an important contribution to the diagnosis of the mendelian forms, which however represent only about half of the total cases of RDs [6] , whereas for the other half, mostly sporadic, the diagnosis remains only clinical due to the absence of a known causative gene involved. Moreover, the common clinical criteria which are usually employed for the differential diagnosis between the mendelian and the apparently sporadic forms, like the bilaterality or the presence of associated features in other organs, do not strictly apply in RDs: for example, one of the most paradigmatic case, the association of Vertebral defects, Anal atresia, Tracheo-Esophageal fistula with esophageal atresia, Cardiac defects, Renal and Limb anomalies (VACTERL), affects by definition multiple organs, has a limb involvement which is bilateral in about one fourth of the cases [9] , but it is mostly sporadic with no responsible gene or genomic region involved [10] . The narrow border separating hereditary and sporadic RDs is underlined also by the often identical limb malformation of known mendelian (i.e. Holt Oram syndrome) and sporadic forms (isolated thumb hypoplasia), suggesting that the clinical diagnosis cannot rely on the limb phenotype only, but should require the evaluation of several organ districts. Primary RDs, however, mostly remain confined to the radial side of the arm, extending to the ulna only in the extreme forms when the radii are severely affected: for this reason, the finding of atypical features, such as an asso-ciated ulnar defect in mild RDs, should initially orient towards an alternative group of disorders. Moreover, the limb anomaly in RDs is not disease-specific (in Holt Oram for example, the phenotype can vary from a thumb hypoplasia to a complete absence of the thumb, radius and hypoplasia of the humerus with features of phocomelia) [11] and the radial and thumb involvement shows a high inter-and intrafamilial variability. In addition, a distal-to-proximal (i.e. thumb to radius) progression of the anomaly is frequent but exceptions do exist, and, unlike the central and ulnar defects in which the progression is a constant finding, a complete radial aplasia can be accompanied by a moderate thumb involvement, for example in Thrombocytopenia Absent Radius (TAR) syndrome [12] or in VACTERL association ( Fig. 1 ) [9] . Finally, a general feature of the RDs is the specificity of the involvement of other organs, featured by a non-random association with other malformations (i.e. kidney, heart, vertebrae) and a very rare belonging to complex phenotypes, for example those associated with intellectual disability, which are instead more common in cases with ulnar deficiency, often subtended by genomic microdeletion/microduplications [13] . A parallel observation is also that of a general higher frequency of radial versus ulnar deficiencies in human diseases (three-to fourfold) [2] , consistent with studies suggesting that the critical period for RDs in animal models occurs in a later and less lethal embryological stage, thus explaining by viability the higher frequency of disorders with a radial defect [14] . The higher vulnerability of the radial side and in particular of the thumb is well epitomized in the presence of more than 4,000 entries in the Online Mendelian Inheritance in Man for radial deficiency, thus representing the first target in limb disruption [15] , consistent with the terminal position in the developmental scale [16] and with the paradigm of "the last to form/the first to be affected", well known in human syndromes, in which intellectual disability, disrupting the latest formed system and the highest evolutionary function, results the most frequent defect in human syndromes. Due to the importance of the embryology in the understanding the basis of human diseases with RDs, the next paragraph will present the main events in upper limb development.
Upper Limb Development
Beginning from the fourth week of development, HOX genes become up-regulated by retinoic acid in the fields where the limb buds will develop [17] and trigger the expression of T-box (TBX5), wingless-type MMTV (WNT), and fibroblast growth factor (FGF) proteins ensuring synchronized and progressive limb outgrowth [18] . The early limb bud is composed of the lateral migration of 2 layers of mesoderm (somitic and lateral plate) and outgrows into the overlying ectoderm [19] . Soon after the initial budding, the limb patterning proceeds along the three spatial axes: proximal-distal (PD) (shoulder-to-arm), anterior-posterior (AP) (radial-to-ulnar), and dorsal-ventral (DV) (back-to-palm). This specific pattern is under the tight control of spatiotemporally synchronized and simultaneously orchestrated signals of three important centers: (1) the Apical Ectodermal Ridge (AER), (2) the Zone of Polarizing Activity (ZPA) and (3) the non-AER ectoderm [20] [21] [22] .
In the development of the proximal-distal axis the mesodermal FGF10, in conjunction with the ectodermal radical fringe (R-FNG) at the apical dorsal-ventral boundary induces ectodermal thickening to form the AER [23] [24] [25] . The AER, in turn, secretes WNT3 and several FGF proteins for maintaining the FGF10 expression in the underlying mesoderm, which in turn sustains the proliferation of a sub-AER cell population termed the progress zone [26] . The reciprocal loop of ectodermal and mesodermal FGF/WNT proteins maintains proximal-distal outgrowth [27] .
The development in the dorsal-ventral axis is regulated by WNT7A secretion within the dorsal ectoderm. The WNT7A dorsalizes the underlying limb mesoderm through the induction of the Lim homeodomain transcription factor LMX1B [24, 28] and regulates the sonic hedgehog (shh) pathway, involved in the antero-posterior axis formation [29] .
The development of the anterior-posterior (radio-ulnar) axis is controlled by the secretion of shh from the zone of polarizing activity (ZPA) along the posterior (ulnar) axis of the limb bud, inducing ulna formation in the forelimb and 4 ulnar-sided digits in the hand [30] . A progressive loss of SHH expression reduces limb outgrowth, volume, and width, mimicing the spectrum of ulnar longitudinal deficiencies [31] . When the loss of SHH reduces the FGF expression through the interruption of the SHH-FGF loop, the resulting phenotype involves a disruption of both ulnar and radial structures, particularly the thumb. This correlates with the common clinical presentation of RDs associated with ulnar deficiencies like severe symbrachydactylies or terminal transverse hemimelia. Finally, in cases in which the proliferation and ulnarization persists but there is a decrease in the FGF function, the resulting phenotype is similar to the RDs spectrum [32, 33] . All the complex interactions among the various morphogens in the development of the limb can be combined in several derangements and be reflected into a high phenotypic variety of malformations, which have been the object of several attempts of classification.
CLASSIFICATION OF RDs
The RDs belong to the "failure of formation" group of the classical classification of Swanson [34] , which has been proposed in the sixties and adopted by the International Federation of Societies for Surgery of the Hand (IFSSH) with several modified versions [35, 36] . The main criteria inspiring this classification are essentially morphologic, with no reference on the etiology of the defect and no possibility to incorporate the progresses in the embryological understanding of the anomalies [36] . For example, in the last edition of the IFSSH classification (2009), including 1. Failure of formation; 2. Failure of differentiation; 3. Duplication; 4. Overgrowth; 5 Undergrowth; 6. Constriction band syndrome; 7. Generalized skeletal abnormalities, the separate groups of "Duplication," or "Undergrowth", when applied to the thumb (duplication or hypoplasia), are clearly redundant, since the two mechanisms are two faces of a "failure of formation" anomaly. Moreover, several other classification attempts have tried to focus on the aetiopathogenesis of upper limb anomalies, including a recent system grouping the defects on the basis of the embryologic stage [37] or according to the underlying molecular mechanism involved [38, 39] . All those attempts, however, had to face the problem of the wide spectrum of gravity and phenotypic variation of the single disorders (i.e. Holt-Oram syndrome) on one side, and of the presence of common molecular pathways disrupted by different insults, on the other.
For all this complexity, in the attempt to regulate the shaky ground of congenital upper limb anomalies, one of the last proposals unifies the failure of formation and differentiation into one category and puts the RDs into the malformations of the radial-ulnar (antero-posterior) axis divided into those involving the entire upper limb or only the hand plate [38] . The two forms obviously differ only in terms of gravity and not of pathogenesis, but the two classes of RDs are a proof of how ranking congenital anomalies according to their severity of expression is important because the extent of the involvement often determines the damaged function and provides a basis on which to guide treatment. An example of teratologic sequencing is the classification of thumb hypoplasia into five types of increasing severity [40] :
• Type I Minimal shortening and narrowing of the bone and muscular structures;
• Type II Mild underdevelopment of all structures; short bones; small diameters; mild thenar muscles hypoplasia; unstable thumb metacarplal-phalangeal (MCP) joint; narrowing of the first web space;
• Type III; significant decrease in the thumb size; severe intrinsic and extrinsic muscle hypoplasia; unstable MCP joint; narrowing of the first web space Subtype III A Stable carpal-metacarpal (CMC) joint Subtype III B Unstable CMC joint;
• Type IV Rudimentary thumb with no or very little metacarpal and no or very few muscles (pouce flottant)
• Type V Complete aplasia of the thumb This classification system, proposed by Manske and McCarroll in 1992 [40] on the original Blauth classification [41] , aims at providing a common basis for prognostic information and for surgical decisions: types I, II, and IIIA deformities are treated with thumb reconstruction, while types IIIB, IV, and V deformities are treated with thumb ablation when present and index-finger pollicization.
Also the defects of the radius are classified according to a progressive skeletal deficiency, which are substantiated by a progressive radial angulation of the hand. The thumb is always affected, with a rough correlation in gravity with the radius, with several exceptions, as in TAR syndrome [42] . In parallel with the severity of the RD, also other radial structures, like muscles and tendons, can be affected and can contribute to the gravity of the functional impairment. A classification of the radial deficiency has evolved from the original presentation [43] to include the carpus and thumb [44] and finally to include proximal signs of insufficiency of the homerus and glenoid [45] .
• Type N. Normal radius and carpus with thumb deficiency
• Type 0. Absent or hypoplastic carpal bones with normal length of the radius
• Type I. A distal portion of the radius that is >2 mm shorter than the distal portion of the ulna.
• Type II. The radius is hypoplastic in its entirety and often associated with bowing of the ulna.
• Type III. The distal part of the radius is absent.
• Type IV. The radius is completely absent.
• Type V. Radial longitudinal deficiency with extremities with abnormal glenoid, absent proximal portion of the humerus, distal portion of the humerus articulates with ulna, radial-sided hand abnormalities.
The functional impairment in individuals with radial longitudinal deficiency can be influenced by several factors, including the bowing of the forearm, the deviation of the wrist, the limited or absent motility of the thumb, the impaired grip strength, which must all be considered and followed-up in the choice of a therapeutical (surgical or rehabilitative) strategy.
In the following paragraphs the main conditions associated with RDs will be reported. A tentative distinction has been made by grouping them according to their genetic basis into sporadic and mendelian forms. In the former group, all the present evidences supporting a genetic basis will be commented, whereas in the purely genetic forms an attempt to correlate the genotype with the phenotype will be made. For this reason, when dealing with entities like "thumb hypoplasia", all the cases belonging to recognized syndromes are excluded.
SPORADIC FORMS Thumb Hypoplasia
The hypoplasia is a rare thumb anomaly, characterized by varying degrees of incompletely developed first digital ray, contracted first web space, unstable metacarpo-phalangeal joint and thenar weakness [45] , representing about 3.5%-4.6% of the congenital upper-limb malformations with an equal male to female gender distribution [44, 47, 48] . Iso-lated thumb hypoplasia, as part of the spectrum of RDs, represents its mildest form in comparison to the thumb hypoplasia and carpal anomalies (intermediate form) and to the absence or abnormality of all the radial structures (thumb, radial carpus, and radius), which can be placed at the extreme end of the spectrum [44, 49] . In a review by James et al. (2004) of a series of patients with thumb and radial deficiencies, the authors found that the thumb was always affected and concluded that the severity of the thumb deficiency was in general directly proportional to the severity of the radial deficiency, although in several cases exceptions existed [42] .
However, the exact incidence of non-syndromic thumb hypoplasia is difficult to determine, since the isolated malformation does not differ from syndromic cases that in older studies might have gone undetected. In a recent report from a multidisciplinary group on upper limb anomalies, isolated thumb hypoplasia was found in 24/487 cases (4,9%); moreover, in 9 of those the anomaly was bilateral (1,8% of the total and 37.5% of the thumb anomalies) [6] . In other studies, the bilateral involvement is reported in about 60% of the affected patients, but when unilateral, the right hand is more commonly affected [50, 51] . It is possible that earlier studies overestimate the frequency of thumb hypoplasia, by including in this entity also syndromic cases, which in the past years might have escaped the diagnosis. Moreover, the issue of associated malformations is unresolved, since it appears to be a higher presence of vertebral and renal anomalies: epidemiological data from registries need extensive reports to be significant, and need specific details on the protocol used to reach the diagnosis, which is often difficult to achieve. It is however plausible to hypothesize that starting from thumb hypoplasia exists a continuum of signs and symptoms involving the vertebrae, the kidneys and other organs, which are diagnosed as VACTERL association only in cases in which the symptoms are very straightforward, like in the presence of a trachea-esophageal fistula, but, when individually present, might go undetected or cannot be diagnosed because they do not satisfy the molecular or clinical criteria for known syndromes. A recent study analyzing by array Comparative Genomic Hybridization (a-CGH) 54 patients with isolated and syndromic thumb and radial hypoplasia reported the presence in about 15% of the cases of different genomic rearrangements; however, the demonstration of their role in the pathogenesis of the disease was not conclusive and the authors could not rule out a coincidental finding [52] .
VACTERL Association
The acronym VACTERL has replaced the previously used VATER, which was coined in the 70's to describe the association specificity of a group of congenital malformations which included vertebral defects, anal atresia, tracheoesophageal fistula with esophageal atresia (TEF/EA), radial and renal dysplasia [53] . Furthermore, the VATER association spectrum was expanded to include cardiac malformations, mainly ventricular septal defects (VSD), and any type of limb abnormality and the acronym has thus been extended to VACTERL [54, 55] . The name "association" rather than "syndrome" reflects the absence of a known common etiopathogenesis, but acknowledges the tendency of the abovementioned malformations to occur together more frequently than expected. Population-based epidemiological studies in Europe and the United States have reported an incidence of VACTERL between 1 in 10,000-1 in 40,000 live births [56, 57] . Given the numerous overlapping conditions and the absence of confirmatory laboratory analysis, VACTERL association is typically considered a diagnosis of exclusion, for which the exact criteria for diagnosis in terms of the number and nature of anomalies included are controversial, although most clinicians and researchers require the presence of at least three component features for diagnosis [58] .
Limb malformations are reported in approximately 40-50% of patients [58, 59] and are typically described as radial anomalies, including thumb and radial aplasia/hypoplasia with a wide range of severity (Fig. 2) . In a recent study by Carli et al. (2014) on a cohort of 25 VACTERL patients selected for their upper limb involvement, the thumb was always affected: its function was severely impaired in 79% of all the cases and in about one third it was associated with aplasia of the radius. Approximately 75% of patients had a unilateral anomaly and when bilateral, the RD was always non symmetrical [9] . Of note, the authors describe that in two cases the radial anomaly was represented by a thumb duplication (in both cases the contralateral thumb was hypoplastic or absent), consistent with the above-reported hypothesis of a common embryological basis for thumb hypoplasia and duplication [38] . Among the other VACTERL malformations, the vertebral involvement is reported in approximately 60-80% of patients in a wide range of severity [56, [58] [59] [60] , typically including segmentation defects, such as hemi-vertebrae, butterfly, wedge, fused, supernumerary or absent vertebrae, concurrent hypoplasia of both the odontoid process and coccyx [9] ; in addition to frank vertebral anomalies, occult spinal dysraphisms like tethered spinal cord and philum lipoma may occur [9, 61, 62] . Imperforate anus/anal atresia occurs in approximately 55-90% of patients [56, [58] [59] [60] , whereas cardiac malformations have been found in a recent study in about two third of VACTERL cases, with the most common anomaly represented by the ventricular septal defect, which was present in 18 of 31 patients (58%) [63] . Tracheoesophageal fistula (TEF), with or without esophageal atresia, is reported in approximately 50-80% of patients with VACTERL and in about the same frequency of the renal anomalies [56, [58] [59] [60] , which include unilateral renal agenesis (or bilateral in severe cases), horseshoe kidney, and cys-tic and/or dysplastic kidneys, sometimes accompanied by ureteral and GU anomalies [59, 64] .
VACTERL association is a sporadic occurrence, which has lead to suggestions of environmental causative factors, even though several evidences have demonstrated the importance of the genetic contribution in the non-random anomalies' association. Among those, the demonstration of an increased prevalence of core features in first-degree relatives of patients with VACTERL [59, 65] , or numerical or structural chromosome aberrations, single gene mutations and mitochondrial dysfunction in individuals with the VATER/ VACTERL phenotype. The chromosomal anomalies which have been reported in the literature and reviewed by Reutter et al. (2013) [66] include: (I) deletions of 6q [67] , distal 13q [68] , 7q35qter [69] , 5q11.2 [70] , and 20q13.33 [71] ; (II) duplication of 9q [72] and 22q11.21 [73] ; (III) supernumerary der(22) syndrome [74] ; (IV) mosaicism for supernumerary ring chromosome 12 [75] or 18 [76] , and (V) partial monosomy 16p13.3pter/partial trisomy 16q22qter. [77] Single gene mutations have been described in few individuals: heterozygous de novo deletion in HOXD13 gene [78] , haploinsufficiency of the LPP gene [79] and recessive mutations in the gene TNF receptor associated protein 1 (TRAP1), which were identified in three families with VACTERL association by whole exome sequencing [80] . Finally, there are six case reports published of individuals with VACTERL association in conjunction with mitochondrial dysfunction, as summarized recently by Siebel and Solomon in 2013 [81] . All those reports, however, refer to isolated individuals and account for only a small percentage of all the patients with VACTERL association, leaving the association still as a purely clinical diagnosis.
MENDELIAN FORMS Fanconi Anemia
Fanconi Anemia (FA), firstly described in 1927 by Guido Fanconi [82] is a clinically and genetically heterogeneous disorder, which has been described in all races and ethnic groups and has been found with a higher frequency in Ashkenazi Jews and Afrikaners in South Africa. The disorder, inherited in an autosomal-(mostly) or X-linked recessive mode, has a worldwide prevalence of 1-5 per million and a heterozygous mutation carrier frequency estimated in about 1 out of 180 [83] . The life expectancy was initially calculated in about 20 years, but it has nowadays been extended to the third and fourth decade [84] . The majority of patients are diagnosed by the first decade of life, but individuals with atypical presentations (e.g. myelodysplasia) can be diagnosed in the adulthood.
FA is caused by a deficiency in the DNA repair featured by a genomic instability resulting in congenital abnormalities that may range from none (in one third of the cases) [85] to a full-blown phenotype involving any of the major organ systems [86] , together with a cancer predisposition. To take note of the variability of the disease, overlapping with a wide range of disorders, including VACTERL and Holt Oram, an International Fanconi Anemia Registry (IFAR) was established at The Rockefeller University (www.rockefeller.edu/ fanconi/) in 1982 (now displayed by the Leiden Open Source Variation Database, LOVD v.3.0) (http://databases.lovd.nl/ shared/genes/), in which the recorded cases are confirmed with the cytogenetic and/or genetic testing, thus allowing a careful recording of the phenotypic spectrum of "true" cases of FA.
RDs are generally the first sign of the presence of the syndrome: they are most frequently bilateral, with a wide range of abnormalities ranging from bilateral absent thumbs and radii to a unilateral hypoplastic or bifid thumb [87] . The clinical suspicion must be raised when in addition to the radial involvement is present any of the following signs, like pre-and postnatal growth retardation resulting in short stature, microcephaly, microphtalmia, malformations of the kidneys (e.g. renal aplasia or hypoplasia, horseshoe kidney), heart, gastrointestinal (e.g. duodenal atresia), endocrinopathies (glucose/insulin abnormalities, growth hormone insufficiency and hypothyroidism), abnormalities of ears and hearing loss, abnormalities of the skin (hyper-or hypopigmentation and cafe-au-lait spots), developmental disabilities and neurological abnormalities. Due to the high risk of cancer (about 9% of FA patients develop leukemia, 7% a myelodysplastic syndrome, 5% have solid tumors, most commonly of the aerodigestive tract or gynecological [88] ), a RD, especially when bilateral, even if isolated, has to raise the suspicion of FA and prompt the clinician to perform specific tests for the disease (see next paragraph). In a review of all the reported cases from 1928 to 2009, Shimamura and Alter describe a thumb involvement in 35% of the cases: they can be hypo/aplasic, duplicated, triphalangeal, low set. Upper limbs are involved in unilateral or bilateral fashion in 35% of the cases. Absence or hypoplasia of the thumbs is reported in 7% of the cases, a generic "hand" involvement is reported in a further 5% of the cases (flat thenar eminence, absent first metacarpal, clinodactyly, polydactyly) and in 1% of the cases a dysplastic and short ulna is described. As stated by the authors, those features are clearly an underestimate of the real frequency, since, especially in the early cases, a thorough phenotypic description was frequently missing [89] .
FA is caused by defects of a complex of nuclear proteins (a multi-subunit E3 ubiquitin ligase) involved in the FABReast CAncer (BRCA) pathway to repair the damaged DNA. A key event in the activation of the FA-BRCA pathway is the monoubiquitination of the FANCD2 protein in the S phase after the DNA damage: in FA the deficiency of the DNA repair system in the removal of the DNA interstrand crosslinks (mostly pyrimidine dimers) results in spontaneous chromosome breakages, hypersensitivity to DNA damage, hypermutability due to allele-loss mutations, intensive breakage at telomeric sequences and increase in chromosome end fusions [84] . Chromosome breakages are diagnosed by the use of cytogenetic tests performed on blood samples where T-lymphocytes are cultured 72 hours in the presence of crosslinking agents, i.e. diepoxybutane, mitomycin C or cisplatinum. These agents cause growth inhibition, cell cycle arrest and chromosomal breakages, which are quantified in Giemsa-stained (not banded) metaphase spreads by analyzing at least two slides and 25 cells per slide for a total of 50 metaphases. The analysis should record chromatid gaps, breaks, tri/quadriradial chromosomes and interchange-type aberrations, whereas dicentric, acentric and ring chromosomes should not be included in the final analysis. Cells from FA patient should show an increased proportion of chromosomal breakages when stimulated at 50nM, 150nM and 300nM MMC. At the highest concentration all cells generally manifest aberrations; on the contrary, healthy subjects' cells show chromosomal damage only at 300nM, with an average of 30% of cells affected with 1 to 5 breakage event/cell [90] .
From the genetic point of view, FA shows extremely high genetic heterogeneity and the list of genes involved in the disease increases over time. Up to now, the complementation groups involved in FA and having a role in FA-BRCA pathway to repair damaged DNA are the following: FANCA (maps in 16q24. 3 [84, [91] [92] [93] [94] [95] . Moreover, the complexity of such genetic heterogeneity is not aided by the presence of genotype-phenotype correlations pinpointing a specific gene involved: in terms of effects on the clinical phenotype, it is now thought that the type of the underlying mutation (e.g. frameshift vs. missense) is more predictive than the affected gene [96] . FANCA mutations account for the majority of FA cases, with the exception of black South African patients for whom the disease is due to a founder mutation represented by a homozygous deletion (637_643delTACCGCC) in the FANCG gene in 80% of the cases [97] . Approximately 85% of patients worldwide are classified into subtypes A, C, or G, about 8% of patients are FANCE and FANCF and the remaining have one of the other subtypes. [84] Cases of spontaneous genetic reversion have been described, leading to hematopoietic mosaicism: in revertant cells, the presence of a functional FA gene confers growth advantage, favoring the progressive replacement of defective cells in the bone marrow [98] .
Next Generation Sequencing panels for FA have been developed and are offered by different companies and hospitals across the world (for example the Molecular Genetics Laboratory of the Cincinnati Children's Hospital Medical Center (http://www.cincinnatichildrens.org) has a panel including 16 genes: FANCA, FANCB, FANCC, BRCA2, FANCD2, FANCE, FANCF, FANCG, FANCI, BRIP1, FANCL, FANCM, PALB2, SLX4, RAD51C, ERCC4). Whole exome sequencing has also been applied for the diagnosis of FA, and by the use of this technique a novel (c.989_995del, p.H330LfsX2) mutation in FANCA gene has been identified [99] .
Holt-Oram Syndrome
The Holt-Oram syndrome (HOS), firstly described by Holt and Oram in 1960, is a clinically heterogeneous disorder essentially characterized by upper limb abnormalities and heart defects [100] , with a prevalence of 1:135,615 births [11] .
Upper limb deficiency is variable, but most patients belong to the spectrum of RDs: the abnormalities are often but not always bilateral and asymmetrical, with the left side being more severely affected [101] . The thumb, which is the most commonly affected structure, may be triphalangeal and have a finger-like appearance (5-finger hand), hypoplastic or completely absent. Carpal abnormalities may be the only evidence of the syndrome, displaying a higher specificity for HOS than the changes in the thumb itself [102] . Radial hypoplasia is more frequent than agenesis, whereas ulnar aplasia/hypoplasia and humeral hypoplasia/phocomelia occur in 24.6% and 42.6% of HOS patients, respectively (Fig. 3) [11, 103] . Posteriorly and laterally protuberant medial epicondyles of the humerus were seen in several patients. Furthermore, most patients present narrow and sloping shoulders due to the short clavicles and the hypoplasia of the head of the humerus. Other features include prominent acromioclavicular joint, pectus excavatum and pectoralis major hypoplasia [103] . Several other skeletal anomalies have been anedoctally described, like cervical vertebral fusion [104] or hypoplasia of the toe phalanges [105] (in this latter case the feet anomaly was not segregating with the disease in other affected family members). Congenital heart malformations are reported in 75% of individuals with HOS: the most commonly observed are ostium secundum atrial septal defect (ASD) and ventricular septal defect (VSD), although almost every type of cardiac malformation has been reported, either alone or as part of multiple defects [11, 106, 107] . Individuals with HOS, with or without a congenital heart malformation, are at risk for disturbances of the cardiac conduction that may present even at birth with sinus bradycardia and atrioventricular blocks.
The HOS is inherited as an autosomal dominant disorder with very high penetrance. The gene for HOS, which was linked to the chromosome 12q24 regione, was identified as TBX5, a member of T-box family playing a key role in limb and cardiac development [108] . Recently, TBX5 was shown to have a role in the embryogenesis of the sternum and as a result, sternum defects can be observed in HOS patients [109] .
Patients with a clinical diagnosis of HOS show a mutation in TBX5 in 74% of cases [110] ; in a range between 30% to 85% of those cases the mutation arises de novo [110, 111] . The mutation spectrum in the TBX5 is wide [112] , with more than 90 germline mutations described so far (The Human Gene Mutation Database, http://www.hgmd.cf.ac.uk/ ac/index.php), including 37 nonsense and missense mutations, 22 small deletions, 9 small insertions, 1 small indel, 8 gross deletion, 3 gross insertions, 2 complex, 1 regulatory, and 12 splice site mutations (up-to-dated to February 2015). The dominant phenotype of HOS appears to result from a null allele and haploinsufficiency of TBX5 caused by truncating mutations, but occasionally sequence variations can lead to the extension of the TBX5 protein. TBX5 function is considered to be gene dosage sensitive since under-and overexpression cause the same phenotype. Some mutations have been shown to impair the nuclear localization of the TBX5 protein or disrupt the TBX5 interaction with cofactors and downstream target genes [113, 114] .
Truncating TBX5 mutations cause substantial abnormalities in both limb and heart [115] , but there is no genotype/phenotype correlation between the different truncating mutations. In contrast, missense mutations in the T-box domain of the TBX5 gene produce distinct phenotypes ranging from significant cardiac malformations but only minor skeletal abnormalities (c.238G>A, p.G80R; c.505G>A p.G169R), to extensive upper limb malformations but less significant cardiac abnormalities (missense mutations in codon 237, c.709C>T, p.R237W; c.710G>A, p.R237Q). Also mutations located outside the T-box domain show a similar genotypephenotype correlation, determining predominantly heart or limb defects according to the mutation. Germinal mosaicism has also been reported in one case report in which an unaffected man fathered 4 offspring with HOS by 3 different women [116] . Although no other cases have been described in the literature, we have found a family with 2 affected offspring from unaffected parents. Obviously, this issue is of particular relevance for genetic counseling for the attribution of a correct recurrence risk.
Duane-Radial Ray Syndrome or Okihiro Syndrome
Duane-Radial ray syndrome (DRRS) is a rare disorder whose prevalence is unknown, and with a few families described so far. The disease is also called "Okihiro syndrome" according to the clinician who firstly described it [117] , although other authors had already reported the syndrome using the term DR syndrome, where D stands for Duane anomaly and deafness and R identifies the radial and renal manifestations of the condition [118] .
The syndrome is featured by upper limb and ocular anomalies, these latter characterized by a congenital eye movement disorder (called Duane anomaly or Duane retraction syndrome, DRS), due to a developmental failure of cranial nerve VI (the abducens nerve which controls eye movement), resulting in absent or decreased abduction (Type 1 DRS), adduction (Type 2 DRS) or both (Type 3 DRS), and of narrowing of the palpebral fissure and retraction of the globe when adduction is attempted. The disorder is more frequent in females (about 60% of cases) and in more than half of the cases it is bilateral. When the disorder is monolateral, usually the left side is the affected one [119, 120] .
The upper limb abnormalities include a RD which can range from a mild hypoplasia of the thenar eminence to the absence of the radius and thumb, whereas the thumb anomalies can vary from aplasia to hypoplasia, triphalageal thumb or duplication (Fig. 4) . Fig. (4) . Clinical photograph of bilateral thumb hypoplasia in a patient affected by Okihiro syndrome.
Autopsy and MRI studies of patients have revealed hypoplasia or absence of the sixth nerve nucleus on the affected side, the ipsilateral lateral rectus being innervated by branches of the oculomotor nerve. Sensorineural hearing loss and spinal and other skeletal abnormalities also occur, and polydactyly, hemifacial microsomia with skin tags, cardiac defects, and Hirschsprung disease have also been reported [117, 121] . Other minor features have been observed: hypertelorism, epicanthic folds, slit-like openings of the external auditory meatus, flat feet and large sandal gaps, that may help discriminate DRRS from HOS if no Duane anomaly is present [122] . Kidney defects, including mild malrotation, ectopia, horseshoe kidney, renal hypoplasia, vesico-ureteral reflux and bladder diverticula do not belong to the typical spectrum of the DRRS but have been described in combination with upper limb and ocular anomalies. This association was earlier thought to be a distinct entity and referred to as 'acro-renal-ocular syndrome' [123] , but it is now considered as a continuum of the DRRS spectrum of anomalies, due to the finding in patients with acro-renal-ocular syndrome of heterozygous mutations in SALL4 (Spalt-like transcription factor 4), the causative gene of the DRRS [124] . SALL4, localized on chromosome 20q13, belongs to the SALL family of zinc finger transcription factors and consists of 4 exons containing three highly conserved C2H2 double zinc finger domains [125] . SALL4 mutations are located in exon 2 and, to a lesser extent, in exon 3 and consist of highly penetrant (95%), heterozygous small and gross deletions, small insertions, small indels, short duplications, nonsense mutations (Gln652*, Ser763*, Arg831*, Arg865*, Arg905*) [126, 127] . The phenotype of larger deletions (not extending into other genes) is not significantly different from that caused by almost all truncating point mutations [128] , which are all expected to result in nonsense-mediated mRNA decay. One missense mutation, His888Arg, has been reported in a mild form of the syndrome [129] . Mutations in SALL4 have been also reported in patients with an initial diagnosis of VAC-TERL (Gln166*) and HOS (Lys175*, Arg617*, Val754Met, Glu889*), which was later revised to DDRS [126] .
A mouse model shows that Sall4 is regulated by Tbx5 transcription factor and that the two genes contribute to patterning and morphogenesis of the anterior forelimb and heart, therefore explaining the shared phenotypes between DDRD and HOS, which is associated with mutations in the TBX5 gene. In situ hybridization analysis of Sall4 expression during mouse embryogenesis displays a prominent localization in the midbrain and branchial arches and suggests that a dosage reduction of Sall4 might disrupt the abducens nerve development [130, 131] .
Thrombocytopenia-absent Radius Syndrome
The thrombocytopenia-absent radius syndrome (TAR) was firstly defined as a syndrome in a study by Hall et al. (1969) , who presented the clinical findings of a cohort of 40 patients [132] . It is a rare disease, with an incidence of approximately 1 in 240 000 birth [133] , characterized by the absence of the radius in each forearm with the presence of the thumbs (this feature distinguishes TAR from other syndromes such as Fanconi anemia) (Fig. 5) and by reduction in the number of platelets (<50 platelets/nL) due to a decreased bone marrow production. Affected individuals frequently present with bleeding episodes in the first year of life that become less severe over time; in some cases the platelet levels become normal [132, 134] . TAR syndrome is also featured by short stature and additional skeletal anomalies, whose severity varies from absence of radii to virtual absence of upper limbs, with or without lower limb defects such as hip dysplasia, genua vara, and bowing of the long bones [12, 135, 136] . In a series of 34 TAR patients, renal and cardiac anomalies have been described in 23% and 15% of cases, respectively [137] . The presence of families with several affected individuals born to unaffected parents was initially considered an hallmark of an autosomal recessive mode of inheritance [138] , but a more complex pattern was proposed in 2007 when a common interstitial microdeletion of 200 kb on chromosome 1q21.1, encompassing 11 genes, was detected in all 30 patients with the diagnosis of TAR syndrome, and it was excluded in the controls. In 25% of the investigated patients, the deletion occurred de novo, but in the other 75% of the cases the deletion was inherited from one unaffected parent, suggesting that TAR syndrome is associated with a microdeletion on 1q21.1, which is considered necessary but not sufficient to cause the phenotype and requires the effect of an additional modifier (mTAR) for its full-blown phenotypic expression in the syndrome [12] . In order to identify the causative allele, Albers et al. [135] performed an exome sequencing in five unrelated TAR cases with a 1q21.1 deletion but were not able to identify any rare deleterious proteincoding variant. The authors then analyzed all the rare (Minor Allele Frequency, MAF <.05) variants mapping in the critical region, regardless of their predicted consequences, as potentially causative. This allowed them to identify a lowfrequency (MAF= .03) Single Nucleotide Polymorphsim (SNP) in the 5'UTR region of the gene RBM8A in four of the TAR syndrome cases under analysis and another lowfrequency SNP (MAF= .004) in the first intron of the same gene in the last case. The findings were confirmed in further 48 individuals with TAR syndrome and a 1q21.1 deletion, in which the presence of the 5'UTR and intronic SNPs were found in 35 and 11 cases, respectively. The two TAR cases with no deletion were shown to carry the 5'UTR SNP in compound heterozygosity with a RBM8A 4bp frameshift insertion and a nonsense mutation, respectively, thus defining the nature of TAR syndrome as bi-allelic featured by a null allele (caused by either a deletion or a nonsense/frameshift mutation) and a SNP in regulatory regions (5'UTR or first intron) [135] .
The causative gene is the RNA binding motif protein 8A -RBM8A-, which encodes the Y14, a protein with a conserved RNA-binding motif. Y14 is found predominantly in the nucleus and it is involved in several important cellular functions including nuclear export and subcellular localization of specific transcripts, translational enhancement and nonsense-mediated RNA decay [139] [140] [141] . No biallelic RBM8A gene mutations have been reported, suggesting that the complete loss of the Y14 protein is lethal, probably due to its involvement in basic cellular functions [142] .
Lacrimo-auriculo-dento-digital Syndrome
The lacrimo-auriculo-dento-digital (LADD) syndrome, also known as Levy-Hollister syndrome, is a very a rare condition with about 60 cases described so far. The syndrome can be associated with multiple congenital anomalies, characterized by abnormalities of the lacrimal and/or salivary system and anomalies of the ears (cup-shaped, with mixed hearing loss), teeth and limbs [143, 144] . Limb defects mostly involve the thumbs, ranging from total aplasia to hypoplastic, digitalized triphalangeal or duplicated thumbs. In addition to those cardinal features, facial dysmorphisms, malformations of the kidney and respiratory system and abnormal genitalia have been reported [145] .
LADD is transmitted in an autosomal dominant fashion and it caused by the heterozygous mutations in the fibroblast growth factor (FGF) and fibroblast growth factor receptors (FGFR), molecules activating different signaling cascades which have critical roles in development, repair, metabolism and neuronal activities both during the embryological development and in the adult organism. More specifically, 3 FGFrelated genes have been demonstrated to be associated to the syndrome, two of which are FGFR (FGFR2 and FGFR3), whereas one is a FGFR2b ligand (FGF10) [146] .
Animal models have shown that FGF10 and FGFR2b are involved in the control of branching during the development of lung, pancreas, mammary gland, thyroid, lacrimal and salivary glands. Moreover, Fgf10 knockout mice are characterized by a complete truncation of the fore-and hindlimbs. Detailed roles of Fgf10 are reported in the review by Itoh and Ohta [147] . In contrast, FGFR3 is involved in skeletal formation since mice in which the FGFR3 is selectively inactivated show different phenotypes according to the FGFR3 isoform which is targeted (i.e. skeletal overgrowth, decreased bone mineral density [148] .
Acrofacial Dysostosis 1, Nager Type
Nager acrofacial dysostosis (NAFD) has been recognized as a specific entity by Nager and de Reynier (1948), but had been probably reported before by Slingenberg (1908) [149, 150] . It is a clinically heterogeneous group of disorders characterized by craniofacial malformations and radial deficiency. The incidence of Nager syndrome appears to be low, with an estimate of 3/1,000,000 in Finland [151] .
The pre-axial limb anomalies are very variable and often asymmetric. The thumb anomalies include hypoplasia or aplasia, duplication, limited movement and symphalangism. The radial hypoplasia or aplasia is often associated with a proximal radioulnar synostosis. Lower limb involvement is usually mild and rare: talipes, hypoplastic hallux and other toes and absence of creases at the toes [152] .
The craniofacial involvement is mainly characterized by severe micrognathia, frequently requiring the placement of a tracheostomy in the early childhood, malar hypoplasia and cleft palate. Due to these anomalies, feeding and breathing problems are observed in infants with Nager syndrome. The major facial features of Nager syndrome include downslanting palpebral fissures, absent eyelashes, eyelid coloboma, midface retrusion and malformed ears. Conductive hearing loss caused by defects in the middle ear is present in about 60% of patients, and may cause speech delay. Less commonly, affected individuals have abnormalities of the heart, kidneys, genitalia and urinary tract [153] .
By an exome sequencing approach, the haploinsufficiency of the SF3B4 (Splicing Factor 3B, subunit 4) gene has been identified as a cause of Nager syndrome [154] . The SF3B4 gene encodes a highly conserved protein implicated in mRNA splicing and bone morphogenic protein (BMP) signaling, a pathway involved in early embryogenesis and skeletal development. In the study conducted be Bernier et al. (2012) , SF3B4 mutations were found in 20 of the 35 (57%) families, including five of the seven families with more than one individual affected by Nager syndrome, with frameshift mutations being the most frequent genetic alterations [154] . Three nonsense mutations and one T > C transition destroying the translation start signal was subsequently described in 2013 [144] . Other 6 novel mutations were described by Petit [155] , and a new mutation affecting a splice site (c.35-2A>G) was detected in a fetus with multiple malformations including congenital diaphragmatic hernia (first report) and a marked shortening of the upper limbs with predominant involvement of the radial ray [156] .
Townes-Brocks Syndrome
Townes-Brocks syndrome (TBS), firstly described in 1972 by Townes and Brocks [157] , is a genetic condition with a variable pattern of malformation including imperforate anus, abnormally shaped ears and thumb anomalies, which can be hypoplastic, duplicated or triphalangeal (Fig.  6) . Other possible signs and symptoms include kidney and heart abnormalities, mild to profound hearing loss, eye anomalies and genital malformations [158] . These features vary among affected individuals, even within the same family. Intellectual disability or learning problems have also been reported in about 20 percent of affected patients and occasionally endocrine abnormalities, i.e. growth hormone deficiency and hypothyroidism [159] . The prevalence is unknown, partly because the clinical diagnosis of TownesBrocks syndrome is often complicated by an overlap with VACTERL association, which may lead to an overascertainment of TBS prevalence. Martinez-Frias estimated the prevalence at 1:250,000 but he did not use stringent diagnostic criteria for TBS [160] . Townes-Brocks is caused by heterozygous mutations in SALL1 located on chromosome 16q12.1 and encoding a C2H2 zinc finger transcription factor implied in organogenesis and cell differentiation [161] . More than 70 mutations, including nonsense, frameshift, small insertions and deletions have been described so far (HMGD database): the majority occur within a mutational "hot spot region" of 802 bp (from nt 764 to 1565) located between the glutamine-rich interaction domain and the most amino-terminal double zinc finger domain in exon 2, resulting in the truncation of the protein upstream of the DNA binding domain [162] . The haploinsufficiency was the initially proposed disease-causing mechanism [163] , but experimental and animal data suggested a dominant negative mechanism [164] . Moreover, the rarity of the condition is paralleled by the lack of unequivocal data to support the previous genotype-phenotype correlations. For example, developmental delay, already mentioned as an occasional feature of the syndrome, is mostly accounted for by genomic deletions encompassing SALL1 and involving also other genes in 16q12.1 [158] . Finally, the homozygous c.3160C>T, p.R1054* SALL1 mutation in 2 female siblings has been associated with a severe phenotype featured by multiple congenital anomalies, central nervous system defects, cortical blindness, and profound developmental delay [165] .
Baller-Gerold Syndrome
Baller-Gerold syndrome (BGS) is a very rare condition, originally described by Baller (1950) and Gerold (1959) [166, 167] . It is characterized by the association of coronal craniosynostosis with radial ray anomalies (oligodactyly, hypo/aplasia of the thumb and/or hypo/aplasia of the radius), associated with facial dysmorphisms (brachycephaly, ocular exophthalmia, frontal bossing, nasal hypoplasia, small mouth, ogival palate). An inconstant sign is poikiloderma (areas of hypo/hyperpigmentation and telangectasias), which can appear during the first months of life. A hallmark is the failure to thrive, with the final height stabilized around -4 SD. Patellar aplasia or hypoplasia can be observed during childhood and results in genu recurvatum and knee instability. Intelligence is usually normal [168] . Patients have a predisposition to cancer, in particular osteosarcoma and lymphoma [169] . The prevalence of Baller-Gerold syndrome is unknown; it is probably less than 1:1,000,000.
Baller-Gerold syndrome is an autosomal recessive condition caused by mutations in the RECQL4 gene that maps to chromosome 8q24.3 [170] . RECQL4 is a member of the RecQ helicase gene family whose function is to maintain the genomic stability [171] .
Baller-Gerold syndrome is allelic to two other conditions, for which mutations of the RECQL4 gene have been demostrated: Rothmund-Thomson syndrome, characterized by radial ray defects, poikiloderma, short stature, sparse scalp hair, sparse or absent eyelashes and/or eyebrows, juvenile cataract, skeletal abnormalities, premature aging and a predisposition to cancer, and RAPADILINO syndrome, characterized by pre-and post-natal growth retardation and radial defects, such as hypoplasia and aplasia of thumbs and radius. Although these disorders historically represent distinct genetic entities, clinical and genetic analysis have delineated a common genetic basis (RECQL4-related syndromes) and a highly variable expressivity with significant overlaps in the associated phenotypic manifestations, although precise genotype-phenotype correlations are still missing [172] . The only suggested association is the increased risk of cancer, especially osteosarcoma, in RTS patients harboring at least one truncating mutation in the RECQL4 gene [173] .
FINAL REMARKS
Identifying a fetus or a newborn with a RD means having already significantly restricted the field of diagnosis: as evident in the previous paragraphs, the selective involvement of the radial side of the upper limb is subtended by just a few disorders, which contrasts with the frequent involvement of the radial side (especially the thumb) in several malformation syndromes. Those latter, however, variably involve also the other fingers and/or the ulnar side of the forearm and consist of more generalized and non-specific clinical pictures, which need to be carefully differentiated by the true RDs: for example, the finding of hypoplasia or syndactylies involving other fingers together with the thumb should cast doubts on the diagnosis of a "true" RD syndrome. On the other hand, the severity of the RD, which measures the involvement of the radius and/or the thumb, although essential to establish a general prognosis in terms of quality of life, has no relation with the etiology of the malformation: most of the RDs show all the spectrum of gravity of thumb and radial involvement, including also thumb duplication, and can not be differentiated by the limb phenotype only. Also the pattern of associated malformations and disorders is often overlapping, requiring a standard clinical approach to the RDs, which includes cardiac and renal ultrasound, costovertebral radiographs and blood cell count as a first screen. Finally, the recourse to the genetic testing for the confirmation of the clinical diagnosis of a syndrome with RD not always leads to a definitive assignment, being burdened by a wide shadow of negative test results, especially when the phenotypes are not typical. Those cases include a grey zone of tests performed for the exclusion of genetic diseases with a severe prognosis (i.e. DEB test for Fanconi anemia), wrong diagnosis, atypical phenotypes, non-mendelian disorders, but probably also cases for which the gene involved is not yet known. The incresing diagnostic yield of the new techniques for genetic testing will help in the future in refining the molecular diagnosis of a larger number of patients with RDs and differentiate more and more the true mendelian from the sporadic/multifactorial etiologies.
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